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The combination of hydraulic fra:;turing and horizontal drilling 
hE6 transformed natural ga; and oil production in North 
ArrBrica. Natural ga; production from U.S. shale formations 
incra:sed from ~5 billion ft3 (Bet) per day in 2007 to 33 Bet 
per day in 2013 and now providES ~40'/o of total domEStic 
natural ga; production.1 The production of light oil from shalES, 
tight S3ndstonES, and other relatively imperi'THlble formations 
in canada r093 from ~ to >160 000 barrels per day in 
S:Skatche.Nan, All:erta, and Manitoba alone.2 A similarly rapid 
incrEaSe in U.S. production of shale and other unconventional 
oil drove total U.S. production to 9 million barrels per day at 
the end of 2014, on par with the world's largESt oil producer, 
83ud i Arabia. 

One dimence tetween the horizontally drilled, hydraulically 
fra:;tured \t\/ells in North America and conventional oil \t\/ells is 
how quickly production declinES. Unconventional oil produc
tion in the Bakken of North Dakota drops by 80% or more after 
the first two yEErs of production?·4 Natural ga; production in 
the Barnett Shale of Texa:; and other unconventional plays 
declinESsimilarly.5 A CO!lSEquence of thESe steep declinES is the 

© XXXX American Chemical Society A 

nred to keep drilling neN oil and ga;wells; tensofthoUS3ndsof 
unconventional \t\/ells must l:e drilled a:dl yEEr in the U.S. to 
maintain production through time. 

Public concerns about the intensity and safety of high
volume hydraulic fra:;turing have a:rompanied unconventional 
oil and ga; extra:;tion. Drilling 93\/eral kilometers underground 
is now common, a:rompanied by horizontal distance; of 1 to 2 
milES (~2-3 km). From 1 to 6 million gallons of water, 
proppants such cs S3nd, and dozens of chemicals are then 
pumped underground, often at prEffillrES of >10000 psi. ThESe 
prEffillrES are sufficient to cra:;k open the rock formations and 
allow the ga; or oi I to flow through the \t\1811 to the surfa::e. 
Public concerns over hydraulic fra:;turing include its water 
requirerrents and the potential for drinking-water contami
nation and surfa::e chemical spills, induced s:lismicity, and 
emig;ions of air taxies and greenhoUs:l ga:e;.6
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Technology 
~~~~~~~~~~· ~~~~ 

Se.teral rerent reports E0031llining hydrrulic fra:;turing ha\..e 
concluded that surfa:E octivitiES, particularly spills, and nEEr
surfa:E octivitiES via well integrity provide the grEEtESt potential 
risks for groundwater, but their risks could be rmllqJ8d with 
proper safeguards. A report from the U.K. Royal Society and 
the Royal Academy of Engineering7 included the following 
sumrmry: "Concerns have been raisad about the risk of 
fra:;turES propagating from shale forrmtions to rEECh overlying 
a:tuifers. The available evidence indicatES that this risk is very 
low provided that shale ga; extra:;tion takES place at depths of 
rmny hundreds of metrES or several kilometrES." The canadian 
Association of Petroleum Producers providES a similar 
de:cription of hydrrulic fra:;turing: "Hydraulic fra:;turing (also 
called "tracking") is the prOCESS of pumping a fluid or a ga; 
down a well, rmny hundreds or thousands of meters below 
ground, to a depth considered appropriate for natural ga; 
production." 

One critical a:;sumption behind thEre statements is an 
adequate vertical separation between the depth of hydrrulic 
fra:;turing and the overlying surfa:E a:tuifers u93d for drinking 
water. What definES the "rmny hundreds of meters'' needed to 
safeguard groundwater from hydrrulic fracturing contamina
tion? DaviES et al. analy.zed vertical fra:;ture propagations for 
S3veral thousand hydrrulic fra:;turing operations in the United 
StatES and found that the grEEtESt upward propagations were 
536, 588, and 556 m (~1800 to 1900 ft) in the Marcellus, 
Woodford and EaJie Ford shalES, rESpeCtively.21 Even fra:;turES 
that do not extend all the way to an overlying a:tuifer can link 
forrmtions by connecting them to natural faults, fissurES, or 
other pathways. In British Columbia, a special permit is 
rEquired if hydraulic fra:;turing is to occur at depths above 600 
m (~2000 ft). Gerrmny'scurrent administration is debating the 
circumstanCES under which hydraulic fra:;turing will be allowed; 
the April 2015 draft propoo3l would allow hydrrulic fra:;turing 
below 3000 m without additional scientific ESSESSrrellts. Unlike 
exanpiES from canada, Gerrmny, the U.K., and elsewhere, few 
U.S. statES provide additional oversight for the shallOWESt 
hydrrulic fra:;turing nor, to our knowledge, do any statES 
prohibit hydraulic fra:;turing above a minimum depth. 

The goal of this study WC£ to quantify the depths of rerent 
hydrrulic fra:;turing in the UnitES StatES and to analyze the 
water u93d for hydrrulic fra:;turing. Using ~44 000 ol:rervations 
of hydrrulic fra:;turing depths reported to FracFocus betwren 
2008 and 2013, we address three quEStions: ( 1 ) What are the 
range of depths and water use for hydraulic fra:;turing ocra;s 
the United StatES?; (2) In which statES and at what locations 
ha5 the shallOWESt high-volume hydrrulic fra:;turing occurred?; 
and ( 3) What pol icy protections are or might be put in place to 
minimize the risk of direct contamination of drinking water 
from hydrrulic fra:;turing? We also exanine the policiES of 
difurent U.S. statES for protecting groundwater and compare 
them to various international safeguards. Finally, we provide 
some pol icy suggEStions to enhance the transparency and safety 
of shallow hydrrulic fra:;turing. 

1111111111111111. 

The data in our analysis, collected and made publically available 
by SkyTruth, were originally reported to FracFocus (fra:;focu
s.org). FracFocus is the "national hydrrulic fra:;turing chemical 
registry," crEEted and rmintained by the Ground Water 
Protection Counci I and the Interstate Oi I and Gas Compa:;t 
Commission (https:l /fra:;focus.org/welcome). FracFocus is 
currently u93d by some statES to fulfill rEquirements for 

B 

hydrrulic fra:;ture disclosure. At the beginning of 2012, only five 
statES • Colorado, Louisiana, Montana, North Dakota, and 
Texas· rEquired companiES to report data to FracFocus. 
ThEre statES comprisa ~?fY/o of the ol:rervations in the 
database through 2013; coverage of oil and ga; wells in th093 
statES should be fairly repre:entative. For other statES such a; 
Oklahorm and Pennsylvania where FracFocus reporting is 
voluntary, the distribution of wells included in the database is 
neither comprehensive nor reprESelltative of all wells drilled in 
the state. For thEre ra:sons, the occurrence of shallow hydrru I ic 
fra:;turing acra;s the United StatES is underEStimated in our 
analysis. 

We downloaded the database on August 5th, 2014 and 
categorized every well drilled in the United StatES reported for 
2008-2013 using the unique, 14-digit identifiers referred to a; 
American Petroleum Institute (API) numbers. Using the 
FracFocus database, we compiled the data into a single 
document and homogenized the API number forrmt to isolate 
individual wells, removing any duplicate ol:rervations. We 
defined a duplicate a; any record having the S8I'TB API number 
and the same water reported for fracture use. The 
concatenation of the API number and the water reported for 
fra:;ture use WC£ GrEEted a; a ne.rv variable for a:dl record, with 
44 392 unique valUES isolated using this approoch. A ne.rv table 
WC£ then constructed to find the appropriate data from the 
original file for the list of unique concatenated valUES. Of the 
44 392 total well ol:rervations in the database, 1918 did not 
report a vertical depth (clcssified in FracFocus as "true vertical 
depth"). 

All of the otrervations in the database dEScribed here had a 
reported date of hydrrulic fra:;turing between 2008 and 2013. 
However, the vast majority (44 363 wells; 99.9% of 
ol:rervations) were hydrrulically fra:;tured between 2010 and 
2013. Only one well in Ne.rv Mexico, two wells in North 
Dakota, five wells in Oklahorm, and 22 wells in Pennsylvania 
reported a date of hydraulic fra:;turing in 2008 or 2009, all of 
them deeper than one mile. All wells hydrrulically fra:;tured 
shallower than one mile reported in the database were fra:;tured 
between 2010 and 2013. 

To understand how difurent U.S. statES, provincES, and 
countriES trEEt aspects of hydrrulic fra:;turing depth and 
groundwater protection, we also compared regulations related 
to well construction and groundwater protection. We reviewed 
regulations from all 12 statES that had at lEaSt 50 wells dri lied to 
depths shallower than one mile (Aiabarm, Arkansa;, california, 
Colorado, Kansa;, Ne.rv Mexico, Oklahorm, Pennsylvania, 
Texas, Utah, Virginia, and Wyoming). We did not exanine 
individual permits, which may have more stringent require
ments that are more cl093ly tailored to the geology or 
hydrology of an oil or ga; field. We also reviewed select field 
rulES in some of the statES where regulations difur acra;s 
countiES but could not revie.rv all field rulES that might apply to 
the wells found ocra;sall countiES in th093statES. We examined 
regulations specific to (1) Shallow wells or wells with minimum 
separation between groundwater and source rock; (2) 
PrEStimulation a:;se;srrents of hydrology, including l:m:lline 
water tESting rEquirements; (3) Surfa:E ca;ing requirements; 
(4) Reporting requirements or a:;se;srrents offra:;ture lengths; 
and (5) Disclosure of the chemicals in hydraulic fra:;turing 
fluids. Basad on thEre and other comparisons, we sumrmrize 
typical pra:;tiCES in difurent statES and provide some policy 
recommendations basad on our FracFocus analysis. 
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Table 1. Depths (ft) of Hydraulic Fracturing by Percentile and Mean for the United States Overall and for Individual U.S. 
States a 

depth of hydraulic fra::turing (ft) 1% 5% 10'/o 25% 50'/o 7ff'/o 00'/o mean 

United states 980 2740 4340 6520 8180 10640 11850 8290 
Alabama 1430 1670 1700 1790 1980 2830 2890 2210 
Arkansas 1780 2130 2430 3190 3890 4810 5830 4120 
California 1050 1430 1480 1750 2090 2920 7000 2960 
Colorado 2020 5130 6270 7040 7580 8120 9000 7550 
Kansas 1320 2740 4260 4710 4910 5240 5440 4910 
Louisiana 7380 9980 11020 11590 12010 12460 12950 11950 
Montana 4950 7160 mo 9190 10030 10340 10460 9530 
New Mexico 1760 2640 3980 5340 6930 8210 9480 6850 
North Dakota 7820 8500 9180 10090 10530 10850 11110 10370 
Ohio 3670 6150 6870 7600 7940 8180 8570 7810 
Oklahoma 3000 4400 4910 5350 8390 11880 12990 8560 
Pennsylvania 4350 5300 5550 6210 7060 7980 8490 7040 
Texas 880 3270 4690 6910 9260 10930 11900 8750 
Utah 4580 5530 5840 6420 8500 9710 10830 8360 
Virginia 2110 2400 2570 4430 4870 5220 5700 4720 
West Virginia 5500 5900 6100 6450 6810 7350 7660 6870 
Wyoming 1500 1840 2040 6480 10430 13110 14200 9390 

a Median valUES correspond with the 50th percentile. The m.mber of observations in a:d1 row are United states (42 388); Alctana (55); Arkans:s 
(1473); California (918); Colorado (5261 ); Kans:E (200); Louisiana (1111 ); Montana (268); NeN Mexico (1292); North Dakota (2748); Ohio 
(157); Oklahoma (2194); Pennsylvania (2794); Texa; (20267); Utah (1692); Virginia (91); West Virginia (278); Wyoming (1583). 

1111111111111111 

Occurrence of Shallow Hydraulic Fracturing. Acres:, 
the United States, the depths of horizontal drilling and 
hydraulic fracturing ranged from dEeper than 3 mi (5 km) to 
cs shallow cs ~100 ft (30 m) (Table 1 and Figure 1 ). Out of 
the ~44 000 hydraulic fracturing ol:mrvations in the national 

,, ", •• ,,..,, Depth (ft) 

• <1000 
• 1000-2000 
• 2000-3000 
• 3000-5000 
• 5000-7000 
• 7000-9000 
• 9000-11000 
• >11000 

Figure 1. Map of ~44 000 hydraulic fra::turing locations and deptrs 
(ft) reported to Fra::Focus between 2008 and 2013 (upper p311el) and 
the Sl..ll:ret of locations where hydraulic fra::turing occurred <3000 ft 
and le:o than or grESter than 1 000 000 g:>llons for hydraulic fra::turing 
(10\1\er p3nel). The number of locations for hydraulic fra::turing <3000 
ft include >300 sites in Arkans35, all of which L.S:d >1 000 000 g:>llons. 

c 

databcse, 84% of the wells were a mile or more underground, 
for a total of 36 600 otrervations. The median depth of 
hydraulic fracturing wcs 8180 ft (2490 m) and the rrm1 depth 
wcs 8290 ft (2525 m). Approximately 25% of the hydraulic 
fracturing operations were dEeper than two miles and the OOth 
percentile of the depth ol:mrvations wcs 11 900ft (3610 m). 

Although most of the ol:mrvations in the databcse were a 
mile or more underground, a surprising nurnb:lr of hydraulic 
fracturing caxsoccurred within a mile of thesurfcre (Figures 1 
and 2). A total of 6896 wells were hydraulically fractured 
shallower than one mile, comprising 16% of all ol:mrvations in 
the databcse. Within 3000 ft (900 m) of the surfcre, 2600 wells 
(6%) were hydraulically fractured, particularly in TEOO:E (850 
wells), california (720), Arka11SE6 (310), and Wyoming (300) . 
Within 2000 ft of the surfcre, 1268 wells or 3% of the total 
reported were hydraulically fractured, all of them since the year 
2010, and 532 wells were froctured le:s than 1000 ft 
underground (1.3%). 

The distribution of shallower hydraulically fractured wells 
difi::lred substantially ocra;s states (Table 1, Figures 1 and 2). 
Twelve states had 50 or more hydraulically fractured wells 
within one mile of the surfcre. TEOO:E had the most, 2872 wells 
that comprisad 42% of all such ol:mrvations nationally. Three 
other states, Arkai1SE6 (1224), california (804), and Oklahoma 
(502), had more than 500 caxs of hydraulic fracturing within a 
mile of the surfcre. Eight additional states had more than 50 
ol:mrvations: Wyoming (389), Noo Mexico (314), Colorado 
(287), Kansa5 (161 ), Pennsylvania (135), Virginia (70), Utah 
(55), and Alabana (55). 

States also varied in the percentq]e of hydraulically fractured 
wells shallower than a mile within their borders (Figure 3). 
Although TEOO:E had the most shallowly fractured wells (2872), 
most of its wells (86%) were dEeper than one mile. In contrast, 
california (804) and Arkai1SE6 (1224) had almost all of their 
hydraulically fractured wells within a mile of the surfcre, 88% 
and 85%, respectively. According to the FracFocus databcse, 
three additional states also had most of their fractured wells 
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water Lre for hydraulic frocturing varied widely among statES 
(Table 2). The averaJ8 water volume U93d to hydraulically 
frocture a well in the United StatES WC£ 2400000 gallons 
(9200000 L) (Table 2). Five statES with the highESt reported 
water U93 per \t\1811 betwEen 2010 and 2013 \t\f8re Arkans:E 
(5200000 gallons), Louisiana (5100000 gallons), WESt 
Virginia (5000000gallons), Pennsylvania (4500000gallons), 
and Ohio (4 300000 gallons). StatES with the lowESt 8VeraJ8 
water Lre for hydraulic frocturing included Alal:mla (38000 
gallons per \t\1811), Virginia (42 000 gallons), california (158 000 
gallons), and Utah (382 000 gallons). 

A sutset of oil and gas \tVells across the United StatES \t\f8re 
both shallow and water intensive. Slightly more than 2,000 
\tVells (~% of the data set) were hydraulically froctured 
shallower than one mile using >1 million gallons of water. 
ThEse \tVells were located primarily in Arkans:E (1215), 
Oklahoma (325), Pennsylvania (125), Kansas (105), and 
Texcs (100). Focusing on an even shallower sutset, 350 \tVells 
(~1% of data) \t\f8re froctured <3,000 ft and with >1,000,000 
gallons, primarily in Arkans:E, but with additional wells in New 
Mexico, Texcs, Pennsylvania, and california 

Figure 2. Location of hydraulic fra::turing \/\ells a::ro:s the United 
states by depth increment (ft). 

The three statES with the most frequent shallow hydraulic 
frocturing, Arkans:E, Texcs, and california, provide a contrast in 
the proctia:s used. Of the 1451 Arkans:E \tVells in the FracFocus 
database, 314 ofthem (22%) were hydraulicallyfroctured above 
3000 ft and 49 (3%) were froctured betwEen 1000 and 2000 ft, 
all of them after J3nuary of 2011. Surprisingly, the volum:s of 
water and chemicals used for shallo\t\18r hydraulic fracturing 
were indistinguishable from those used for deeper wells. The 
averaJ8 volume of water used to hydraulically frocture Arkans:E 
wells betwEen 1000 and 2000 ft depths WC£ 5.0 million gallons, 
compared with 5.1 million gallons betwren 2000 and 3000 ft 
and 5.3 million gallons for all AR \tVells deeper than 3000 ft. 
High-volume hydraulic frocturing is occurring at all depths in 

within a mile of the surfcm: Alal:mla (100%), Kans:E (78%), 
and Virginia (77%). Most of the wells in Alab3rm and Virginia 
were hydraulically froctured to produre ooal bed methane. 
-----------··-··-·· ·~··-···- .. ···-··-··-··-

Number and% of Wells by State< 1 Mile Deep 
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Figure 3. Number of c:a:x:s of hydraulic fra::turing in the United states trat occurred sh3110\l\er th3n one mile categorized for different states (nand% 
of all srallow \/\ells in the United states trat occurred in trat state). 
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Table 2. Water Use (Gallons) For Hydraulic Frocturing by Percentile and Mean for the United States Overall and for Individual 
U.S. StatesA 

hydraulic fracturing water LFe (gallons) 1% S'lo 10'/o 25% 50'/o 7S'Io 90'/o Mean 

United states 7170 27 400 70800 327 000 1 520 000 3830 000 6 020 000 2 430000 

Alabama NA NA 25000 31 200 37 700 42500 47 800 37800 

Arkansas 1 300 000 2 710 000 3 290 000 4 100 000 5310000 6 360 000 7 160 000 5 230000 

California 11 500 18 900 22000 48 500 77 800 184000 287 000 158000 

Colorado 20 900 106000 148 000 270000 487000 2120000 3 160 000 1 410000 

Kansas NA NA 11 400 54 800 1 500000 1850000 2230 000 1 230000 

Louisiana 39800 247000 1530000 3620000 5100000 6640000 7 970000 5140 000 

Montana NA NA 377000 919000 1520000 2370000 2 960000 1850 000 

New Mexico 5710 23000 36700 90300 177000 783000 1870000 706000 

North Dakota 20100 631000 977000 1360000 2040000 2670000 3330000 2170000 

Ohio NA NA 2930000 3520000 4050000 4660000 5440000 4310000 

Oklahoma 19800 100000 914000 1 770000 2490000 4830000 7430000 3430000 

Pennsylvania 155000 1280000 2440000 3200000 4300000 5550000 6860000 4460000 

Texas 10300 20200 53000 356000 1410 000 3950000 6140000 2490000 

Utah 15700 37800 78400 122000 313000 475000 767000 362000 

Virginia NA NA 13000 25800 33 000 39100 49 500 42100 

West Virginia NA NA 2560000 3820000 4980000 6190000 7290000 5040000 

Wyoming 4,980 5510 5710 69400 323000 1100000 2020000 793000 

A Median valUES correspond with the 50th percentile. When a state h35 fewer than 500 reported ol::rervations, the 1% and Blfo nurnl::ersare omitted in 
the table OOiow l::a:.at.re ofsrrnll s:rnplesizes. The numl::er of ol::rervations in ea::h row are United States (42 388); Alal:ara (55); Arkans:s (1473); 
California (918); Colorado (5261 ); Kans:s (206); Louisiana (1111 ); Montana (268); New Mexico (1292); North Dc:Kota (2748); Ohio (157); 
Oklahoma (2194); Pennsylvania (2794); Texas (20267); Utah (1692); Virginia (91); West Virginia (278); Wyoming (1583). 
--···~·--

ArkallSES, even in the shallowest wells, with a full suite of 
chemicals (SI Table 1 ). 

In contrast, although TEOO:S had 541 CCSES (22%) of hydraulic 
fra:;turing within 1000 ft of the surfcre and 841 of 2483 CCSES 

(34%) within 3000 ft, the use of high-volurre hydraulic 
fra:;turing in shallo\t\18r \t\18lls WC£ rare there. Only 10 of the 841 
CCSES of hydraulic fra:;turing within 3000 ft of the surfcre in 
T EOO:S U93d >1 000 000 gallons of water per \t\1811. Instead, rna;t 
\t\18lls had reported volurn:s of <25 000 gallons for the 
shallowest hydraulic fra:;turing. Only 24 CCSES of hydraulic 
fra:;turing within 3 000 ft of the surfcre in T€0035 reported using 
more than half a million gallons of water and chemicals. 

Thevolurn:sofwater used for shallow hydraulic fra:;turing in 
california \t\18re also lo\t\18r on averq:Je than in ArkallSES. 
california operators reported 426 hydraulically fra:;tured wells 
above 2 000 ft and 717 above 3 000 ft. Of thEre \t\18lls, only two 
were hydraulically fra:;tured using >1 000000 gallons of water, 
with 200 more wells using ootwren 100000 and 1 000000 
gallons. 

Typical pra:;tia:s difi:lr sul:stantially ocra;s other states. 
Operators in Louisiana reported more than a thousand CCSES of 
hydraulic fra:;turing, none of them shall0\t\18r than one mile. 
Only 15 \t\18lls in K811SES \t\18re hydraulically fra:;tured above 
3000 ft, with a rrnximum water volurre of 110000 gallons. In 
contrast, Colorado had 77 \t\18lls hydraulically fra:;tured ootwren 
1 000 and 3000 ft that used ootwren 1 00 000 and 000 000 
gallons per \t\1811. New Mexico had 16 \t\18lls that employed high
volurre hydraulic fra:;turing (1.1-3.4 million gallons) ootwren 
2000 and 3000 ft and another 13 \t\18lls that used more than 
100000 gallons ootwren 1400 ft and 3000 ft depths. 

Ba:;ause of the limited reporting of data to FI'"C£Focus in 
many states, the numoor of CCSES of shallow hydraulic fra:;turi ng 
reported here underestimates the octual numl:er of CCSES. A 
numoor of states have relatively shallow formations that are 
octive in shale gas production but for which data are not 
reported to FI'"C£Focus. The Antrim Shale is a Late-De.tonian 

E 

formation that covers ~40000 mi2 of Michigan's Lo\t\18r 
Peninsula and lies 500-2200 ft oolow the surfcre.22

•
23 As of 

2010, ~12 000 \t\18lls in Michigan had teen hydraulically 
fra:;tured, and ~10000 \t\18lls are in production from the 
Antrim Shale at depths of 500 to 2000 ft, most of them from 
vertical rather than horizontal \t\18lls. The New Albany Shale 
covers ~44000 mi2 of the Illinois Basin and is found in 
southEffitern Illinois, southwestern Indiana, and northwestern 
Kentucky.23 The depth of the target shale layer in the formation 
is 500-2000 ft. The depth to treatable drinking water is ~400 
ft, leaving a gap of only 100-1600 ft ootwren target formation 
and potential water layers, and ignoring any upward 
propagation of the hydraulic fra:;tures. 

Shallow hydraulic fr"octuring ha5 also occurred in af"Effi with 
ongoing controversies of potential water contamination. A 
review of \t\1811 stimulation records in the Pavillion, WY field 
shows that hydraulic fra:;turing occurred in underground 
sources of drinking water (USDW) cs shallowly cs 1060 ft 
(323 m) and ocid stimulation occurred cs shallowly cs 699 ft 
(213 m) oolow ground surfcre. Dorn:stic water \t\18lls in the 
sarreareaextend to at least 750ft (229m) oolowground.24

•
25 A 

lock of vertical 33paration ootwren fra:;turing and drinking 
water incrEaSES potential hydraulic connectivity and the 
likelihood of groundwater contamination.4.24 

A ra:::ent report by the california Council on Science and 
Technlogf6 also highlighted the extent of shallow hydraulic 
fr"octuring in california. The report documented hundreds of 
hydraulically fra:;tured \t\18lls in the 83n Jooquin Valley ranging 
in depth from 150 ft to 2000 ft. In fa:;t, approximately half of all 
hydraulically fra:;tured \t\18lls in california \t\18re within 2000 ft 
( 61 0 m) of the surfcre. In sorre CCSES the shallower wells 
appear to have teen hydraulically fra:;tured into USDW; of IEffi 
than 1500 rng/L total dis.<:olved solids,26 an issue that is 
important nationally, cs \t\1811. 

National Designations for Groundwater Protection. 
Two federal aquifer designations have teen established to 

DOl: 10.1021/acs.est.5b01228 
Environ. &:i. Techno!. XXXX:, XXX, XXX-XXX 

2016-0094 7 4-00253 



protoct groundwater from underground injoction of fluids in 
the United StatES. Pursuant to requirerrents to protoct 
groundwater in the 83fe Drinking water Act (SDWA), the 
EPA defined a USDW in 40 CFR, &:ction 144.3 as an a::juifer 
or part of an a::juifer that suppliES any public water system, or 
that contains a sufficient quantity of groundwater to supply a 
public water system and currently suppliES drinking water for 
hurmn consumption, or that contains fevver than 10000 mg/L 
of total dissolved solids (TDS) and is not an exempted a::Juifer. 
To protoct groundwater on land or mineral rights owned by the 
federal government, the BurEEU of Land Ma~t (BLM) 
defined "US3ble water" in 43 CFR 3160 BLM Onshore oil and 
Ga5 Order No.2 as water containing up to 10000 mg/L TDS. 
With the exception of injoction of diESal fuel, the Energy Policy 
Act of 2005 explicitly exempted hydraulic fracturing from the 
SDWA and, henre, protocting USDVVs from this prCJCEffi. In 
March of 2015, the BLM finalized regulations for hydraulic 
fracturing that define the extent of protoction for US3ble water 
on federal lands. fls di~ above, hydraulic fracturing has 
alrEa:ly occurred diroctly into USDVVs consisting of S3ndstone 
and shale units.24

·
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In many coal-bed rl'"Bthane (CBM) producing regions, 
relatively low-volurl'"B hydraulic fracturin~ for shallow vertical 
wells has occurred diroctly into USDVVs.2 CBM production in 
the United StatES tBJan in the early 1980s and occurs from 12 
prirmry coal l:a5ins, with the 83n .ltan (CO, NM), Powder 
River (WY, MT), and Black warrior (AL) Basins accounting 
for 75% of CBM production in the United StatES.28 In the 83n 
.ltan Basin, CBM wells vary in depth from 550 to 4000 ft, with 
hydraulic fracturing occurring in the northern portion in 
USDW with TDS valUES of 300-3000 mg/L.27 In the Black 
warrior Basin of Alabarm, CBM wells vary in depth from 350-
2500 ft, with hydraulic fracturing occurring into USDVVs in 
portions of the Pottsville Forrmtion. In the Powder River 
Basin, CBM wells are as shallow as 450 ft, although hydraulic 
fracturing is not widely used bocause of high coal-bed 
perrrmbility.27 

CBM production in Australia and canada also SOrl'"Btirl'"BS 
occurs diroctly into USDVVs. In QLEenSiand, Australia, CBM 
wells are typically betvveen 650 and 3300 ft dEep, with TDS 
le.tels of produced water ranging from <200 mg/L to >10000 
mg/L.29 In Alberta, canada, most CBM developrl'"Bnt COrl'"BS 
from water -ffiflSitive "dry'' coals in which N2 and other g:a:s are 
typically used for well stimulation, sorl'"Btirl'"BS e.ten shallower 
than 650 ft, using srmll amounts of water.30

•
31 CBM recovery 

from "wet" coals in Alberta typically occurs within a::Juifers 
where water-l:esed hydraulic fracturing fluids are used.30 

lnjoction wells are another way that hydraulic fracturing 
fluids and waste waters have the potential to reach USDVVs. In 
2004 the EPA27 examined the injoction of hydraulic fracturing 
fluids into USDVVs and acknowledged likely groundwater 
contamination due to (1) high injoction prESSUrES forcing 
fracturing fluids dEep into s:rondary natural fracturES (leakoff) 
beyond the capture zone of production wells, (2) entrapment 
of fracturing fluids in induced fracturES upon subsidenre of 
stimulation prESSUre (chock-valve eft:ct), and (3) lack of full 
recovery of vis::ous linear and crog;...linked gels in the capture 
zone of production wells. The EPA27 also EStimated point of 
injoction conrentrations for BTEX (benzene, toluene, ethyl
benzene, and xylenES) compounds and stated that dilution, 
adsorption, and biodegradation in USDVVs would redure 
contaminant concentrations to S3fe levels prior to impacting 
dOrl'"BStic wells, which are generally shallower than CBM wells. 
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Based on thESe assumptions and a perceived lack of 
documented impact to domEStic wells, EPA concluded that 
hydraulic fracturing posed little or no threat to USDVVs.27 The 
report did not cm:ss fate and transport iSSUES using analytical or 
nurl'"Brical rmthermtical modeling, as would typically be 
required under the U.S. RESOurre Conservation and Recovery 
Act (RCRA) and the Comprehensive Environmental RESponse, 
CompenS3tion, and Liability Act (CERCLA). The report also 
did not acknowledge the greater well densitiES typical of 
shallow stimulation, where tirl'"B and radial distanre for dilution 
and degradation are sorl'"Btirl'"BS minirml. In an apparent 
revefS31 of this position, EPA32 rerently stated that diroct 
injoction of fluids into or above a USDW posed an imrl'"Bdiate 
risk to public health bocause it can diroctly degrade ground
water quality. 

Policy Comparisons and Recommendations. National, 
provincial, and state policiES difur for practia:s associated with 
shallow hydraulic fracturing. Gerrmny's current administration 
has proposed to allow hydraulic fracturing only if it occurs 
below 3000 m (~10000 ft). British Columbia takES a diferent 
approach, requiring a spocial permit if hydraulic fracturing is to 
occur above 600 m depth (821; http:! /www.bcla.NS.ca/ 
EPLibraries/bclaws_new /document! I D /freeside/282_ 
2010#83ction21 ). 

For the United StatES, only Texas and Colorado appear to 
have spocial requirements and/or or permits for shallow 
hydraulic fracturing. Texas prerribES a diterent casing and 
rementing proa:ss and additional prESSUre tESts and rement 
evaluations (Rule §3.13; 2014) for hydraulically fractured wells: 
( 1) with lESS than 1000 fEet of vertical separation from the base 
of US3ble-quality waters, typically defined by the state as having 
<3000 mg/L total dissolved solids; (2) where the diroctor of 
the Oil and Ga5 Division of the Texas Railroad Commission 
has determined that the separation is inadequate; or ( 3) "where 
the d i roctor has determined it is a structurally complex geologic 
s:ltting". Colorado has a policy targeting stimulation at depths 
of 2000 fEet or lESS rather than focusing on separation betvveen 
US3ble groundwater and the hydrocarbon-l:mring forrmtion. 
Colorado requirES additional geological, hydrogeological, and 
engineering ~ts. l:e3ed on which the Colorado Oil and 
Ga5 Conservation Commission may increase cetl'"Bnting 
requirements or limit stimulation. In contrast, statES such as 
Arkans:E, california, and Wyoming do not impo33 standards 
tailored to wells with a minimum separation from groundwater 
or wells that will be hydraulically fractured at shallow depths, 
instead regulating all wells the S3rl'"B rEg3rdiESS of depth. 

The assumption of adequate vertical separation betvveen 
hydraulic fracturing and drinking water a::juifers is further 
embedded in most state rulES that addrESS risk prirmrily 
through casing and rementing requirerrents, rather than 
through limitations on vertical s:lparation between the 
protocted groundwater and the target forrmtion or through 
additional requirements for shallow wells. All statES that we 
revievved have a general perforrmnre standard requiring oi I and 
gas operations to protoct groundwater. Protocted groundwater 
is most often defined by suitability for use, which typically us:s 
S3l i nity as part of the standard. Sorl'"B statES require operators to 
include information about the known protocted groundwater in 
drilling applications or completion reports. Alai:ErrB, california, 
and Colorado all require operators to conduct a groundwater 
~t before hydraulic fracturing occurs, within a radius 
spocified diterently by state. 
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The statES that we re.tieNEd vary widely in their surfa::B 
casing tochnical standards. Nw Mexico and Utah were the only 
statES in our reviw that rely solely on the general ~rforrrnnre 
standard for protoction of groundwater and do not have 
minimum casing depths. The rerrnining 10 statES in our re.tieN 
rEquire minimum surfa::B casing depths or rEquire surfa::B 
casing to be set some distanre below the dEepESt protoctEd 
groundwater or a combination of both. In Virginia, o~tors 
are rEquired to install surfa::B casing either to at lEaSt 300 ft 
depth or to 50 ft below the dEepESt U933ble groundwater, 
whichever is doo~r (4VAC25-150-530). In Wyoming, 
surfa::B casing must be set below all known I..IS63ble ground
water and at a minimum of 100ft below any ~rmittEd water 
supply wells within a quarter mile of the oil or ga; well 
(WCWR 055-000-003 (2015) ). Alabana variES the minimum 
surfa::B casing depth l:asEd on the true vertical depth of the 
well. For wells with a true vertical depth of lESS than 4000 feet, 
the minimum surfa::B casing depth is 300 feet (Aiabana. 
Administrative Code r.400-1-4- .09 (2014) ). Arkansas, 
Kansas, and california, among other statES, set minimum 
casing depths by county in individual oil and ga; fields. ThEse 
field rulES vary ocrOffi eoch state and are dESignEd to 
incorporate field-spocific geological and hydrological condi
tions. Arkansas has a wide range of casing depths that are set by 
state regulation or rulES spocific to individual fields. In the 
Fayettcvi lie Shale, for example, wells dri liEd after J.me 1 , 2011 
must set surfa::B casing at lEaSt 500 feet below the lOWESt 
surfa::B ele.ration within one mile of the well, with a minimum 
of 1000 feet of surfa::B casing rementEd to surfa::B (178-00 
Arkansas CodeR.§ 001:B-15 (2015)). 

All of the 12 statES that we revievved rEquire o~tors to 
a:;s:ss well drilling and completion and to submit completion 
reports to the regulatory q:JellCiES within a few months of 
hydraulic fracturing. The cm:ssrrents include rement evalua
tion as well as drilling depth and hydraulic frocturing trEEtment 
inforrrntion. Some statES also rEquire inforrrntion on frocture 
propaJation. Arkansas, california, and Wyoming rEquire 
o~rators to report EStirrntEd frocture lengths in the completion 
report or the completion dESign report. Arkansas o~rators are 
also rEquired to report the calculatEd dESign frocture length and 
the EStimatEd true vertical depth to the top of the frocture after 
stimulation occurs (178-00 Arkansas Code R. § 001:B-19 
(2015) AR Rule B-19). Wyoming and california rEquire 
o~rators to report EStirrntEd frocture lengths, but do not 
rEquESt information about the true vertical depth of the 
frocturES. Alabana rEquirES EStimatEd length and orientation of 
frocturES to be submittEd for approval by the oil and ga; board 
as r:art of the hydraulic frocturing plan, which is submittEd prior 
to hydraulic frocturing. 

Dis:;losure rulES for hydraulic frocturing chemicals also rrnke 
no distinction betwoon frocturing that occurs llEEr the surfa::B 
or dEep underground. In general, most statES now rEquire 
disclosure of the nam:s and CflS (Chemical Abstroct &:lrvire) 
numbers of chemicals used in hydraulic frocturing, although 
typically with exemptions for trade s;:crets.4•

8 A few statES such 
as california also rEquire disclosure of chemical concentrations. 
Many CCSES of shallow hydraulic frocturing in the FracFocus 
database used little water (<25000 gallons) and, in 
consequenre, far srrnller volurn:s of chanicals than high
volume hydraulic frocturing. Some of the shallowESt CCSES also 
appliEd nitrogen as the prirrnry q:Jent of hydraulic frocturing, 
using N2 either alone or as a foam, with srrnller amounts of 
water used to deliver chemicals and proppants such as S3nd. 
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NeverthelESS, there appa3r to be no additional rEquirements for 
chemical disclosure in any state where shallow hydraulic 
frocturing is occurring. In california, examplES of the chemicals 
used in shallow hydraulic frocturing includEd toluene, xylene, 
methanol, sulfuric ocid, phosphoric ocid, xylenESUifonic ocid, 
and methylene sulfonic ocid. 

Given the extensive use of chanicals in shallow hydraulic 
frocturing, r:articularly in statES such as Arkansas (&lpporting 
lnforrrntion Table 81 ), california, and Nw Mexico where 
millions of gallons of fluids are being delivered in single wells, 
what additional bESt proctiCES and policiES might be beneficial? 
Considering this quEStion is important because shallow 
hydraulic frocturing often has grEEter potential risks of 
contamination than ~ hydraulic frocturing dOES. One 
suggEStion is for o~rators to provide more information about 
frocture length, true vertical depth to the top of frocturES, and 
distanre between groundwater resourCES and potential 
frocturES. Another is for statES to a:;s:ss what additional 
S3feguards should apply for hydraulic frocturing shallower than 
3000 ft l:asEd on the geologic and hydrologic data in spocific oi I 
and ga; fields. A third recommendation is for a rrnndatory state 
or federal registry for all hydraulic frocturing occurring 
shallower than 3000 ft. &lch a registry would allow people to 
trock the locations, depths, and volurn:s of chanicals used 
around them. REquiring full chemical disclosure· without trade 
socret exanptions • for all chemicals used in hydraulic 
frocturing above 3000 ft would enhanre transr:arency and 
public confidenre but would undoubtEdly be controversial. 
Finally, because shallow hydraulic frocturing plaCES people and 
drinking water aquifers at potentially grEEter risk than deeper 
frocturing dOES, prEdrilling and post- stimulation water tESting 
for all homeowners on private water wells within 2500 
horizontal feet of the oil or ga; well or to a radius at lEaSt 
1000 ft beyond the grEEtESt extent of horizontal drilling from 
the oil or ga; well, whichever is grEEter, would provide 
additional assuranre that shallow hydraulic frocturing is not 
impocting drinking water rEServoirs and would provide 
additional inforrrntion nEedEd for efi::ctive regulation. This 
propooad change would not alter predrilling S3mpling in the 
rrnjority of CCSES because many shallow wells within a few 
thoUS3nd feet of the surfa::B are vertically froctured. Only in 
CCSES of shallow horizontal drilling and high-volume hydraulic 
frocturing would the grEEter S3feguard distanCES apply. 

In sumrrnry, our analysis suggESts that additional S3feguards 
would be beneficial if shallow hydraulic frocturing continUES in 
the future. FeN statES provide additional oversight or data 
transr:arency regardlESS of how shallow the frocturing occurs, 
even for high volume hydraulic frocturing. To protoct people, 
the social lirense to o~rate for comr:aniES, and current and 
future sourCES of drinking water, the !JO$ibility of contami
nation from shallow hydraulic frocturing should be ocknowi
Edga::l in the bESt proctiCES and rulES governing it. 

1111111111111111 n~J>J'-'' 
* Supporting Information 

A table of all chemicals used for hydraulic frocturi ng in Arkansas 
shallower than 2000 ft reportEd to Frocfocus (Table 81 ). The 
&lpporting lnforrrntion is available free of charge on the ACS 
Publications website at DOl: 10.1021 /ocs.ESt.5b01228. 
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